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SUMMARY 

coMPREBoR 

A. Buckler, Jr. 

An investigation wae made to determine the effects af inlet- 
air pressure and temperature on the perfonnanc e of the lo-stage 
axial-flow compressor from the X24C-2 turbojet engine. The invee- 
tigation was conducted for speeds of 80, 89, and 100 percent of 
equivalent design speed with inlet-air pressures of 6 and 12 inches 
of mercury absolute (424 and 849 lb/q ft) end inlet-air tempera-' 

'tures of approximately 538O, 459O, snd 41S" R (7S", O", and -400 F). 
The results of the investigation of the effect of inlet-air pres- 
sure were compared with the results of the previous performance 
investigation at a nciminal inlet-air pressure of 21 inches of mer- 
cury absolute (1485 lb/aq ft) and an inlet-air temperature of 
approximately 538O R to give a larger range of inlet-air pressures. 

The peak values of adiabatic tmperature-rise efficiency and _ 
pressure ratio were found to-decrease ss the klet-air pressure 
wes reduced at constant inlet-air temperature. The dfect of 
inlet-air pressure on equivalent weight flow was small, the rela- 
tLve deviation reaching a maximnm of about 1 percent. Variations 
in inlet-air temperature had only a slight effect on the same per- 
formance parameters. All data obtained at various inlet-air pres- 
sures and inlet-air temperatures correlated on two curve8 when the 
poly-tropic efficiency was plotted as a function of the poQ-tropic 
loss factor. The only effect of inlet-air pressure was to increase 
the minimum loss factor and to decrease the maximum polytropfc 
efficiency as the inlet-air pressure was reduced. The corre- 
sponding effect of temperature was negligible. Peak adiabatic 
temperature-rise efficiency and pressure ratio increased with 
increasing Reynolds number. The fact that the range of Reynolds 
number covered in vaxying the inlet-air pressure.was considerably 
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larger than that obtained by varying the inlet-air temperature, 
shows that the largest effect of a change in altitude will be due 
to the change in pressure. A etudy of the interstage static- 
pressure data, obtained during this investigation, was made to 
determine the perforce of each compreeeor component. 

INTRODUCTION 

The performance of the lo-stage axial-flow compressor from 
the X24C-2 turboJet engine is being investigated at the XACA 
Cleveland laboratory at the requeet of the Bureau of Ae??OnaUtiC8, 
Navy Department. This ccnnpreeeor was designed to deliver 
54.6 pounds of air per second at a pressure ratio of 4, sea-level 
inlet oondltiona, and a rotor speed of 12,000 rpm. 

The results of an investigation at an inlet-air pressure CXP 
21 inches of mercury absolute (1485 lb/sq ft) and an ambient 
inlet-air temperature of approximately 538O R are reported in 
reference 1. One run of this inveetigation was made at the design 
speed when losses through the.inlet piping reduced the maximum 
inlet-air pressure obtainable to 19.5 inches of mercury absolute 
(1374 lb/q ft). 

In order to determine the effect of inlet-air pressure on the 
performance of the compressor, runs at 80, 89, and 100 percent of 
equivalent design speed were made at inlet-air preseurm of 6 and 
12 inches of mercury absolute (424 and 849 lb/q ft, respectively) 
at an inlet-air temperature of approximately 5380 R. Ambient-air 
temperature was used so-that a comparison could be made vlth the 
results obtained in reference 1 at corresponding speeds. Runs at 
inlet-air temperatures of 538O, 459O, and 41S" R at an inlet-air 
pressure of 6 inches. of rnerc-ury absolute xere-made to determine 
the effect of inlet-air temperature on the performance of the 
compressor. Because d.ata in the high-flow or choking range of 
operation were not obtained in reference 1, a study of the inter- 
stage wall static-pressure measurements was made. 

Duriug inveetigations of effects of inlet-air conditions on 
the performance of other axial-flow compressors, (references 2 
to 4), unmeasured amounts of air leaked into and out of the com- 
pressor and an unknown degree of heat transfer was present, For 

I the present investigation, the setup was therefore designed to 
eliminate any source of appreciable air leakage and praions 
were made to evaluate any leakage that might exist. Because 
elimination of heat transf.er was impractical, calculations were 
made to determine the errors introduced by the heat-transfer 
processes. 

P 
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The lo-stage axial-flow X24C-2 compressor was designed to 
deliver 54.6 pounds of air per second at a pressure ratio of 4, 
sea-level inlet conditions, and a rotor speed of 12,000 rpm.- The 
compressor and the setup used for this investigation were the same 
as those completely described in reference 1. A photograph of the 
over-all experimental setup fs shown in figure 1. The ccmpressor 
was driven by a 90CC-horsepower variable-frequency induction motor 
rated at 1793 rpan through a gear box with a step-up ratio of 
8.974:1. 

Room air was used for the runs made to determIne the effe,ct 
of inlet-air pressure on compressor performance; for the deter- 
mination of the effeot of inlet-air t8mperature, air wss supplied 
to the compressor by the laboratory refrigerated-air eystem, In 
both csses, the air passed through a submerged adjustable ortiice 
in the inlet piping and into a depression tank, which was apprczi- 
mately 10 feet in length and 6 feet in diameter. A WOOden bell- 
mouth was fitted between the depression tank and the compressor- 
inlet section to insure smooth air entry into the compressor. 
Discharge air passed through a soreen in the oompressor-outlet 
passage into a collector and was ratuoved by two radial-outlet 
pipes Into a common outlet pipe aonnected to the laboratory 
altiitude-exhaust system. 

In the investigation reported in reference 1, the screen in 
the outlet passage of the compressor limited the mkximum air- 
wei&* flow through the unit. In order to alleviate this situa- 
tion, the original 47-percent opening screen was replaoed with a 
screen of 87-percent opsning. This change was the only alter8tion 
made to the oompressor getup used for the investigation of 
reference 1. 

The inlet piping, the depression tank, the compressor, and 
part of the outlet piping were lagged to minimize heat transfer 
to or from the room. The compreseor waa lagged outside the pro- 
tective tee1 shield, which allowed a dead-air space of approxi- !I* mate-: % inches to act es an additional insulator. The shield . . , . . . . . 
was covered with approximately,4 inohes of 85-percent ma@%ia 
insulation. - . _ . 

T 
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The instrumentation required'for the ddtermination of' oQmpreseor 
performam e was the same as that described in detail in reference 1; 
the methods used were those reocmmended in ref’erenue 5. Caapressor 
air flow was mstered by the submerged adjustable orifice located in 
the inlet piping. Compressor inlet-air messurements were made in 
the depression tank. Because the cross-seotional area of the tenk 
was large, the velocity pr8ssure in the tank was negligible and 
the static-pressure wall taps were used for measuring the inlet-air 
total pressure. Inlet-air tesnperature was measured in approximately 
the sams plane aa the pressure measurements, usi.ng.two thermc+ouple 
rakes. Each rake aonsisted 09 three thermocouples, emh thermo- . 
couple being looated at the radius of gyration of equal annular , , 
areas. The outlet-air conditions were determined by eight static- 
pressure taps and six thermocouples located in the compressor- 
outlet section, which was made annular by iimerts, ss.reoommentled 
in reference 5. Static pressures wer'e'aleo.me~ured'along the cam- 
pressor casing between each rotor end stator row in order to obtain 
the pressure gradient through the compressor at the casing. 

Air pressures were indicated on mercury manometers with the 
exception of the orifice pressure differential, which was indicated 
on a water manometer. Temperatures were measured with calibrated 
iron-con&ant&n thermocouple8 in conjunction with a highly sensi- 
tive potentioanster. The Cold Junctions of th?S8 thermocouples vre 
located in an ice bath. The speed of the cczzpressor ~rere measured 
with an electrical chronometric tachaaneter. The air US8d in *he . 
air-oil mist lubrication system m metered by a submerged orifice 
plate and passed through sonic nozzles to maintain a oonstant air 
supply to the bearings. 

k 

f 

Precision 

The precision of the measurements taken to determine th8 per- 
formence of the X24X!-2 lo-stage axial-flow compressor is estimated 
to be tithin the following limits: 

Temperature, OR. . . l . . . , . . . . . . . . . . . . . . . a.5 
Pressure, in. Hg . . . . . . . . . . . . , . . . . ; . . , . 10.05 
Compressor speed, percent . . . . , . . . . . . . . . . . . , . . , .M.5 
Air-weight flow, percent . . . . . . . . . . . . . , . . . . . . fl.O 

. 
The air-weight flow through the compressor, as measured by the 

submerged adjustable orifioe in the inlet piping, was cheoked by a 
velooity head traverse in the outlet piping, Both methods of . 
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determining air-weight flow were pit8viously calibrated simultane- 
ously using a flat-plate orifice as a standard. The.outlet.measur- 
1~ system wae used solely as a check of the leakage. During the, 
investigation, the two measurements of air-weight flow always weed 
to within fz percent and the assumption was made that a n8gligibl8 
amount of air leakage exieted. 

Although the Wmperature of the a$r in the d8preSsion tank was 
measured within %.so R, the temperature of the air at the inlet to 
the Compressor proper was sffected by heat conduction along the 
Compressor easing and the rotor from the outlet of the omressor 
to the inlet section. Another source of heat transfer was the 
heat introduced by the leakage air used in the lubrication of the 
compressor front bearing. Consequently, in additia to inherent 
error6 inCurred by the InaO~~rer~y of th8 measurements, a emall 
additional error was caused by heat transfer. The maximum errors 
caused by the Cambined heat-traslsfer effects on the peak pressure 
ratio P2/Pl ( ratio 09 total preesure at compreesor outlet to 
total pressure at ccmpressor inlet) end adiabatic temperature-rise 
efficiency qT were estimated to be 0.5 and 0.25 percent, respec- 
tively. The followlngtable gives th8 maxImum percentage of devia- 
tion in the peak pressure ratio and affioiency caus8d by the inher- 
ent InaCcuracy of measurements +J each speed md inlet condition: 

Inlet con- Equivale 
aiti0m t 

Pres - Temper- 80 
suTe ature (Peak Peak Peak 
b. (QR) pres- adiabatic pree- 
Hg sure tempera- BUr8 
abs.) ratio ture-rise ratio 

P2/Pl efficiency P2/Pl 
!2 

218 538 f0.34 tto.97 M-32 
12 538 f.60 Al.24 A.57 

6 538 kl.20 32.54 Al.16 
6 459 f.99 S.47 f. 95 
6 419 kl.02 f2.65 f. 95 

aNominal value. 

Lt design speed 
!eroent) 

89 i 100 

m.50 kO.19 f0.49 
f1.05 A.52 zk1.03 
a.54 f1.09 f1.61 
k2.13 f-89 CL.62 
ti.22 f.89 f2.23 

Prom this table it can be seen that the maximum deviation'$n 
temp%r%&e~rise efffcienoy.and pressure ratio-incurred by the preci- 
sion of measurements veries considerably with a d8csrease in inlet-air 
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pressure but varies only sli&tly with inlet-air tmperature. From 
the succession of points obtained at a given speed and inlet condf- 
tion, it appeara that the actual deviation incurred for each point 
was relatively donstant, the deviation varying with speed and inlet 
condition as noted from the preceding table. 

cP 

cV 
D 

% 

m 

n 

P 

SYMBOLS 

The following symbols are usea in the calculations: 

specffic heat at oonstant pressure, (Btu/(lb)(OF)) 
. 

specific heat at constant volume, (Btu/(lb)(+)) 

PX 

R 

R' 

T 

V 

W 

w 4/m 

W &/SD2 

7 m 

inside diameter of oompreseor casing, (ft) 

outlet Maoh number . 

poly-tropic exponent 

number of stages 

absolute total pressure, (lb/sq ft) 

root-mean-pressure'ratio per stage 

absolute statio pressure at various points along oom- 
pressor casing,, (lb/eq ft) 

Reynolds number at compressor inlet, .r?vDJcr 

Reynolds number index at compressor inlet, W/T1 0.77 

absolute total temperature,. .% :. . 
xxial inlet-ati velocity, @t/se) 1 ' 

weight flow, (lb/sea) . . 

equivalent weight flow corrected to NACA etandard 
sea-level conditions, (lb/set) 

specific equivalent weight flow corrected to NACA 
standard sea-level conditions, (lb/tmc) (w ftl) 

ratio of specific heats, cpk 

- 
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ratio of inlet-air total pressure to NACA standard. . sea-level pressure I ,. 

polytropic efficiency, ($yf$ ; 1';. 

adiabatic temperature-rise efficiency 

ratio Of inlet-air total temperature to NACA standard 
sea-level temperature 

polytropic loss factor, %t 
G (l-?p) = qp 5 (1 - rlpl 

d8&ty of air at c0mpreseor inlet, (lb/cu ft) 

absolute viscosity of air at ocmpressor~inlet, 
(lb / (ftj bee) 1 

mean preesure coefficient per stage i 
work input factor based on adiabatic temperature- 

rice effioi8ncy 

*P ,polytropio pressure coefficient per etage 

$ubscripta: 

1 inlet 
2 . . Outlet 

METHOi!8 

In order to d8te3XUine the effect of inlet-air pressure on the 
performance Of the X&C-2 COmpresSOr, rune were made at til8t 
pressures Of 6 and 12 inches of mercury absolute and ambient-air 
temperature (approximately 538O R or 79O P) so that a comparison 
could be made with the results CS reference 1, which were obtained 
at a corresponding inlet-air temperature and a nom-1 inlet pres- 
sure of 21 inches Of mercury absolute. 

At the beginning of the investigation at reduced inlet-air 
temperatures, failure of one of the setup part8 damaged the two 
rows Of outlet-guide vanes and also oaused the rotor blade tips 
to rub and wear slightly. Them blade tips were designed with 
grooves extending to a radial depth Of 7/64 inoh in order to 
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minimize demage in the event of blade-easing interference. The 
burrs at the rotor blade tips and in the ocmrpr8ssor casing were 
removed and the two rows of outlet-guide vanes were replaced. 

A run was then made at an inlet-air pressure of 6 inches of 
mercury absolute and ambient-air temperature to determine th8 
change in perfomna;noe resulting from these modifioations; the dif- 
ference was found to be within the aoouraoy of measurement. Addi- 
tional runs were then made at an inlet-air pressure & 6 inohes & 
mercury absolute end inlet-air temperatures af 459O and 419O R 
(O" and -40' F) to determine the effect aP,inlet-air temperature 
on compressor performance. It ww necessary to make theee rurs at 
an inlet-air -pressure of 6 inches of mercury absolute beCaLU8 of 
the limited quantity of refrigerated air available. At each inlet 
oondition, the speeds investigated were confined to 80, 89, and 
100 peroent of the equivalent design epeed. Lower speeds were 
considered unessential for these investigations because they are 
not within the normal operating range of the compressor. 

All the %ns reported were made in the seme manner as the 
runs of ref‘erenoe 1 and in acoordanoe with the reoananendations of 
reference 5. At each Speed investigated, the inlet-air tempera- 
ture and preeeure were maintained constant and the air flow was 
variedfromthemaximum Obtainable with the laboratory air eystem 
to the point Just preceding incipient surge. Surging was deteoted 
audibly and by observing fluotuations on the manometers. 

The methods of oalculating the performance parameters are 
discussed in references 1 and 5 except for the inlet Reynolds 
number index, which is introduced herein. 

Inlet Reynolds number is defined as 

For the determination of the Reynolds number at a givenblade 
element of the compressor, the velocity term should'be taken as 
the velocity of the-air relative to- the blsde element be3ng con- 
sidered end the length should b8 that uhioh is oharaoteristic of 
the particular blade element. Consequently, the numerical value 
of the Reynolds number till very from hub to tip in a given blade 
row end frm one row of blades to another. When dynamic similar- 
ity is obtained, ,the Reynolds number at any blade elspnent is pm-- 
portional to the'inlet -Reynolds number; and, except for the 
possible effests of viscosity and heat transfer, 'dynamic etiilar- 
ity is detemnined by equivalent speed and equivalent weight flow. 

c 

. 

c 
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!Lhus, wh6n the equivalent speed & the equivalent weight flow er8' 
held constant, the true variations of Reynolds number throughout 
the oompreseor will be approximately proportional to the variation 
of inlet Reynolds number if the acoumulated eff8ots of Reynolds 
number are actually small. 

From the equation of continuity 

4w pv = - 
fiD2 

The viscosity p is proportional to the inlet-air temperature 
raised to the 0.77 power for the range of temperatures encountered 
-in this investigation, Substitution in the original equation for 
inlet Reynolds number yields 

R- 4w 
0.77 - 

W 
0.77 

= R' 
ml Tl 

I -Bar facility in discussion, the Reynolds number index R' is 
used as an exact indication of inlet Reynoldsnumber. 

RESULTS MD DISCXJSSION 

All performance parameters presenteh'in the discussion have 
been correoted to NACA standard sea-level conditions of 29.92 inches 
of mercury absolute end 518.4O R, as presoribed in reference 5. 
The results of the investigation are afvided into five parts: . 
(1) general performance, (2) effect of inlet-air pressure, 
(3) effect of inlet-air temperature, (4) effect of Reynolds number, 
and (5) inter&age measurements. 

General Performance 

The variation of over-all pressure at10 
f 

P2/Pl and root- 
mean-pressure ratio per stage (P2/PlJ1 n with eqtivalent wei&t 
flow W+@j% and specific equivalent weigkt flow W&/SD2 is . 
shown in figure 2 for compreesor speeds of 80, 89,.and 100 percent 
of the design speed (12,000 rpm) with an embient inlet-air tempera- 
far8 of,approx¶mately 538' R and inlet-air pressures of 12 ,and 
6 inches df mercury absolute. Adiabatic temperature-rise effi- . 
ciency contours and the'surge limit are also shown. The general 
performance for the three speeds investigated 6th an inlet pressme 

. . 
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of 6 inches of mercury absolute and inlet-air temperatures of 
approximately 538O, 459O, and 419O R is presented in figure 3. T&J 
results of figure 3 were obtained after the compressor blade tips 
had rubbed and the dsmage had been repaired. Table I presents all 
compressor parameters determined in aooordence with reference 5. 

Effect of Inlet-Air Pressure on Performance 

The effect of varying inlet-air pressure on oompre8sor per- 
formance was found to b8 diffioult to evaluate in referenoes 2 to 4 
beoause of unmeasured emounts of air 18akage into and out of the 
cmpressors. The setup for the present investigation was therEfor 
designed to reduce leakage as much as poseible; end if any leakag8 
did occur, precautions were made for measuring the air-weight flow 
both upstream and downsizeem of the pompressor. Because these two 
weight-flow measurements agreed within j? percent, the eseumption 
was made that the amount of air leakage was negligible, The only 
known souroe of leakage-was the air spray used in conjunction with 
the oil-air-mist lubrication system for the compressor front bear- 
ing. This air leakag8 was constent at 0.024 pound per eeoond for 
all operating conditions and resulted in a maxLmum 8X’ltWjT Of 0.3 per- 
cent in the actual air flow through the compressor. Thie error was 
well within the precision of measurement and was less than the dif- 
ference between the inlet and outlet flow measurements. 

In order to show the eff8ot af inlet-air pressurs on oompressor- 
performanoe 
of 6 and 12 
ing results 
89, end 100 
efficiency 
lent weight 

characteristics, results obtained at.inlet-air pressures 
inches of mercury absolute are oompared,with correspond- 
at the higher inlet-air pressures (reference 1) for 80, ' 
percent of design speed. Adiabatic temperature-rise 
VT and pressure ratio P2/Pl as fun&ions of equiva- 
flow are preeented in figuree 4 end 5, respectively, 

for the inlet-airpr8seures investigated, The effeot of inlet-air 
pressure on the variation of polytropic efficiency with polytropic 
loss factor ie shown in figure 6. 

Adiabatic; temperature-rise efficiency. - The 8ffect of inlet- 
a1r pressure on the adiabatic kvnperature-rise effioiency at an 
inlet-air temperature of. 538O R ie presented in figure 4. At each 
of the three speeds investigated, the peak efficiency decreased 
with docreasing inlet-air pressure. The difference between peak 
efficiencies decreased from 0.07 at 80 percent of design speed to 
0.05 at design speed. These reeults are in goneral agreement with 
those of references 2 end 3. The trend of deureasing efficiency 
with decreasing inlet-air pressure is in the direction that would 
be expeoted from a Reynolds number effect; that is, lower inlet 

. 

. 

L 
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Reynolds numbers result in lower efficiencies. An indication df 
the range of Reynolds number covered by varying inlet-air pressure 
may be obtained from the fact that the inlet Reynolds number at 
the highest inlet-air preeaure was approximately *times that for . ' 
for the lowest inlet pressure. 

..:- Max&mm efficiencg at an inlet-air pressure of'21 Inches of 
m,er&ry absolute was observed at 89 percent of the design speed; 
at.+ inlet-air pressure of 12 inches of mercuq absolute, maxi- 
mum efficiency was observed at 80 percent-of design speed.with 
an inlet-air pressure of 6 inches of mercury absolute, however, 
maximum efficiency wss observed at design speed. The maximum dif- 
ference betveen the peak efficiencies for a given inlet-air pres- 
mm was approximately 0.02. For the inlet-air pressure of 6 inches 
of mercury absolute, the entire variation of peak efficiency with 
speed is within ex@erimental error; for inlet-air pressures of 21 
,and 12 inchee of mercury absolute, however, only one-half crf the 
variation of peak efficienog with speed may be attributed to exper- 
f@Mal error. From these results, inlet-air pressure apparently 
changed the speed at vhich msximm efficienoy occurred. 

Pressure ratio and equivalent weight flow. - The effeot of 
inlet-air pressure on pressure ratio and equivalent weight flow 
is presented in figure 5. At all the speeds investigated, the 
peak pressure ratio obtaIned with the mmimum fnlet-air pressure 
was greater than that obtained with an inlet-air preseure of 
6 inches of mercury absolute. The difference inpeakpreesure 
ratio obtained at the highest and lowest inlet-air preseuree 
reached a maximm of 0.17 (approx+ telg 6 percent) at 89 percent 
of design speed. Peak pressure ratio at an inlet-air pressure of 
12 inches of meroury absolute was, in all &see, lees than or 
equal to the peak pressure ratio 'at'an Wlet-air pressure of . , 
21 inches of mercury absolute and greater than or equal-to that 
obtained at G'inches of mercury absolute. The difference in peak 
pressure ratio obtained ,at the two low inlet-air pressures 
decreased from 0.06 to practically 0 as the speed wasincreased 
from 80 to 100 percent of hesign speed. %n general, a decrease 
in inlet-air pressure wLth constant inlet-air temperature there- 
fore deoreasee the peak pressure ratio. The dIfferenceem.in peak 
pressure ratio at each speed were approxfmately equivalent to the 
differences in peak adiabatic temperature-rise efficiency. 

! . . 
The effect of inlet-air pressure on equivalent wei@ flow 

can be deterrsined by examining the hi&-flow range of operation 
for each speed in figure 5. The maximum aquivaS8nt weight flow 
was the same for the two higher tile&air pressures at all speeds. 
At design speed, the curves for al1 three Inlet-air pressures are 
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ooinoident in the hi&-f low ran&. At 80 and 89 peroant of design 
speed, the W8Aght flowe. for an inlet-air pressure of 6, inch88 of 
mercury abeolutd.&8 slightlg lees than those for inlet-&b pres- 
sures of 12 and 21 inchse of mercury abSOlUt8. !!+emaximum devia- 
tion at hi& flows wae only 2 peraent, at least ohe-half of which 
can be attributea to experimental error. Inlet -air pr8eeur8 appar- 
entlg has a maximm effect of,about 1 p8rc8nt on equivalent wei&t 
flow. The discr8pancy b8tW88n the.effeot of inlet-air pB3SSUr8 on 
equivalent Weight flow ae shownin r8f8renoSS 2 t0 4 and that shown 
herein mag be chiefly attributed to l&age effects in the refer- 
8I1c8 inveSti@ltiOIlS. 

Th8 r8eUlte pr8SentSd in figure 4 indicate that the Surge-fr88 . 
range of Op8MtiOn was inor8a88d as the inlet-air pr8saur8 wae 
reduced. At 80 and 89 percent of design speed, the surge, limit Ccp 
operation coneist8ntly occurred at lower value6 of weight flow as 
inlet-air preseur8 d8Cr8SS8d. At the low inlet-air pressures, 
deteotion of euq@ng wae difficult b8caUse.th8 pUlSatiOne were 
much milder than at the high inlet-air preesuree. s The milder pul- 
eatione at the low inlet-air pressures may have been due either to 
the decreased air density or to uhanges in the r8sistanc8-volume 
charaaterietice of the inlet end outlet ducts resulting from dlf- 
ferent inlet and outlet throttle s&tinge. In&much a8 the surging 
oheracteristios enoountered in this investigation would very prob- 
ably b8 different from thoee encountered during the operation of a 
Jet -8, the obeerved 8Xt8IMiOlTl Of the SUg8-fr88 rL2LIg8 of Oper- 
&tiOHaOOOmpanying ad8CIWaS8 i11i~8t-air.p~~ssU3?8 was I?S@Sd 
only as a pOSSibl8 trend. 

Polytropic loss factor. - The uee of 'a polgtropic 1-e factor 
prOV8d SatiefaCtOrg in obtaining an aCCUrate oOZ?t?8l&iCn of the 
effeot of inlet-air pressure upon compressor perfunnance independ- 
ent Of speed. The polytropic lO+i factor Ap, which is a Function 
of all the losses of ocmpreesicn such ae heat t$&xsfer, blade drag, 
tip clearanoe, and wall friotion,.is defined 88 the diff8r8ZXe 
between the work Input factor @,/qp and.the pre&eure coeffi- 
oient lfp, which are meaeuree oJT the actual and ueeful work, 
reep8otively, performed on a gae during the-ccXEpr8sei& procese. 
In addition, presenting this polytropio lose factor ae a function 
of polytropio efficiency, which serves aean indication of mean 
stage affioiencg, gave a satisfactory correlaticln. This pol.gtropio 
8ffiCioIlCy is 8t$X%1to the ratio of the pOlgtl?OpiC to the actual 
work of compression. The d8riVationEI of,. polgtropio effioiemg and 
polgtroplo loee fautor are presented in ref_er53nqe 1. 

The variation of polytropia effiCi8tig. With the. polgtropio 
lose factor for the various speeds and inlet-air preeeures 

t 

. 
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investigated is shown in figure 6. The compr8Ssor performance for 
all speeds and inlet conditians can be present8d. by two uonverging 
curves ae found in referenoe 1, Point8 for low flow8 at eaoh Speed 
fall on the upper curve of figure 6 end those for high flowS fall 
011 the lOw8r OUrV8. All the data correlate on the same two curves 
within about 2 per&nt regardless of inlet-air pressure snd speed. 
The data for each inlet-air p~~essur8 are-shown on a Separate ,plot 
only for the sake of s%mplio;ty. Th8 chief eff8CtS of inlet-Rfr 
pr8S~W?8 W8r8 to inCresse the min~~lOS8 factor and d8Crea88,the 
ma;rimum polytropic &fICienCg 88 the inlet-air pressure wan r8dUC8d. 
In going from the maximum inlet-s;lr pressure of 21 inches of mer- 
oury absolute to 6 inC%h88 of-mercury absolute, the polytzopic loss 
factor IncreaSed from 0.056 to 0.082 and the polytropic 8ffioiencg 
decreased from 0.87 to 0.81. It mUSt b8 rem8mb8red, hOweVer, that 
efficienog is a function of the ratio of losses to input and that 
a d8creaSe in lOS8eS alone does not necessitate an increase in 
8ffiCi8IlCy. ti&the d&a of fig&8 6 it appears that inlet-air 
pressure hae little sffect on-the correlation except in the region 
of the minImum loss factor. 

Effect of Inlet-Air 7$mperatUre~on PerforGnoe . ; 
.' . 

Heat transfer. - Be&e Other inveetigatore.have found it 
difficult to evaluate the affect of *let -air temperatur8 on com- 
presaor per9OrmasLc8 due to.heat~tranSfer 8ffe&ts (references 2 
and 3), o&~~ationS We??8 made tQ e&%-t8 the .8Xt8nt of these 
effects for the present investigation. The folloeg proceaSes 
W8r8 conSider8d: . . . * 

(a) Heat tranSfeIT8d by condu&idn from'the~outlet Rir.to the 
inlet air through the caeing and the rotor, which would cauS8 a 
difference b8tWeen the obeervtid and the actual inlet-air tamperatUre8 

(b) Heat tranSferred by conve&tion from the front bearing air- 
oil lubriaation spray entering the air stream at the aompressor ' 
inlet to the inlet air, which Would cauS8 a difference between the 
ObS8rVed and the aCtUal inlet-air t8D&8rRtUreS _ 

(0) He&t tranSf8r bet&en the working fluid and the anibient 
air, whioh would not only cause 8 d8viation b&W88n the observed 
and the actual temperature riseS throuefi the ccunpressor but would 
'&&IO change the relative velocity dia@am of the in+ividual stages 

(d) Heat tranSfer f&m the Working fluid through the turbine 
Sh&t to the balance pieton (eee~f,ig. 5, reference l), which would 
c&US8 an error in the measured outlet-air t8mperature 
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(8) Heat tranSf8IT8d between th8'CxXIpr8SaOr and itS SuppOrtS 

These calculations indicated that the maxiinum error in effi- 
ciency dU8 to these heat-transfer effects wae 0.25 peroent for the 
condition that sa8med to be affeoted most. The magnitude of the 
oalculated effect is lese than the acouracy of the meaeurepnente 
for an inlet-air pressure of 6 inches of mercury abSolut8. Con- 
SeqU8nt~, the 8ffH3t Of heat tranSf8r KBB IlS&8CtSd in 8VakRtfng 
the r8SUltS Of this inV8StigRtiOn. 

Adiabatio temperature-rice efficiency. - The effect of inlet- 
air teraperature on adiabatic tenrperature-rise efficiency is pre- ' 
sented in figure 7 for 80, 89, and 100 percent of deeign epeed at 
an inlet-air p??88SUr8 of 6 inoh of mercury absolute. Inlet-air 
t6?qperatures of !T38O, 45p, and 419O R were investigated. The dif- 
f8r8nC8e in the p8ak SffiCi8IWieS obtained With the variOUSI inlet- 
air temperaturee are very small, reaching a maximum of about 0.03, 
at 80 peroent of design speed. ti the loW=flOW range of the CurV8S 
at 80 p8rCent Of. deeign epeed, the 8ff1OiSNy with an inlet-air 
temperature of 419’ R is coneiderablg lower than the ef'fioi8nci8s 
with either of the.two other inlet-air tamperaturee. Thie varia- 
tion is partly attrdbuted to the Ii&t-surge condition over most 
of the low-flow region. For all epeede, the peak adiabatio 
temperature-rise efficiency at an inlet-air temperature of 459O R 
was greater then or equal to that for 538O R. Conversely, the 
pe&k value Of adiabetic temperature-rise efficiency at en inlet- 
air ixmperature of 4&9’ R wae ne 
the itiet-air temperature of 538 P r greater than that obtained at 

R. Th8 peak effiCi8KlCg for all 
speede inV8Stigated was less for an tilet-air t8mperature of 419' R 
then for 459' R. Although the total V03?iRtiOn of p8S.k 8ffiCi8Mg 
with the three inlet-sir tweraturee ie within the absolute pre- 
cision of meaeursanents, most of the data indicate that the adi&- 
batic temperature-rise efficiency does vary with fnlet-air tampera- 
ture. Between the t~p8ratU3?88 of 538’ and 459’ R, the change in 
efficlenoy with temperature follows a trend which su@;geete that 
the effect of inlet-air temperature on adiabatio texnp8ratwr8-rise 
effictle~y wae nothfng more than the effeut of Regnold~ nmber. 
Between the tempere;tureS of 459’ and 419’ R, however, the appe;rent 
trend IS juet the opposite. Although the evidence ie Still inOOn- 
cluf3fv0, the effeot of inlet-air t8mperature on adiabatio 
temperature-rise 8ffici8ncg apparently can not be onmpletelg 
explained by the effect 09 inlet-afr t~perature on ReynOldEI 
number. 

i 

The results of reference 2 fndioate an effect of temperature a 
oomparable in magnitude to these results. The effect of tempera- 
ture af3 presented in referem 3 was conSiderably greater than 1 ': . 

L 



RACA RM No. E3R22 '15 

the effect obtained in the current~inveetigatia but the results of 
reference 3.were sffected by sJ,r leakage of UnlmoKn magnitude. Ih 
this inv8stigation, the variation of peak adiabatic temperatUre- 
rise efficie~g with inlet-a%r t8qeratur8 over the range of tern-- 
peratUr8 that is of interest appears to be extremely small for the 
inlet-air pressure investigated (6 in. Hg absolute). 

Pressure ratio and equivalent wei&t flar, - The variation of 
pressure ratio with equivalent weight fldw is shown in figure 8 
for the three epe8ds and inlet-air temp8ratures investigated. At 
all speeds, the maximum difference in peak pressure ratio obtained 
with the various inlet-air temperatures was lees than 0.10. 
B8caUs8 the dif'ferences inh8ak pressure ratio at 89 and 100 per- 
Cent Of deal@ Speed a??8 oe approximately 0.3 and 0.8 perCent 
@8ater, r&p8CtiV8~, than the inaccuraoy introduoed by the p?Fe- 
cision of measurements, the 8ffeot of inlet-air temperature on 
pr886Ur8 ratio appsrentlg fs 8~UivakIlt to the 8ffect of inlet-air 
t8mp8ratUlT8 On 8ffiOi8nCy. In all cakes inveetigat8d, the peak 
pressure ratio obtained titi an inlet-air temperature of 459' R 
was gFeater than with either the inlet-air temperatures of 538' or 
419' R w3th the exception of the 80 percent design speed Where the 
peak pr&SUre ratio w88 apprOXimat8l.g th8 same at the inlet-air 
t8mperatures of 538' and 459O R. The peak pressure ratio obtained 
With the inlet-air at 419O R Increased from 2.18 at 80 percent of 
design speed to 3.28 at design speed and was lees than that 
obtained with ambient inlet-air t8@8rature at all Spe8dS inves- 
tisted. The effect of inlet-air temperature on equivalent wei&t 
flow is relatively Smell when the precision of measurems nt is oon- 
Sid8r8d, but most of the data indiaate that a decreaee in inlet- 
air t8mperatUre from !538O to 459O R tends to increase the raaxzbnum 
a% capacity of the compreesor; whereas a decrease in inlet-air 
t8mperature fraPn 459' tp 419' R tends to dmish the air ORpaCitg, 
The maximum air capacity of the oompreseor is apparently a oomplex 
function of the inlet-air tmperature, and is not ccmpletely 
explained by Reynolds number. 

Polgtropio loss factor. - The-.variation of polgtropic effi- 
ciencg tith polg-tropic loss factor is presented In figure 9 for 
inlet-air pressure of 6 inCh88 of merourg absolute and inlet-air 
temperatureS of 538O, 459O, and 419O R. Caparison of the CUrveS' 
indicates that inlet-air t8mperature has no appr8ciable'effect on 
the location of the two curves on which the data fan. The only 
8ff8Ct Of t8mp8LX3tUr8 OOCUrred Rt the point of minirmun bHS faCtOr 
but this effect was practically negligible. 
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Bfect of Reynolds NWab8r on P8rfomance 

The r88ultS of thie investigation have indicated a noticeable 
effect of inlet-air pressure on perPormanc0 but only a elight effeot 
of inlet-air t8mperature. Both adiabatic tamperature-rie8 af'ficiency 
and preeeur8 ratio IncreaSed appr8ciably ae the inlet-air pressure 
was iYLOr8a!38d from 6 to 21 inohes of mercury abSolut8. This trend 
is in agreement with the resulte of previous inveetigations (refer- 
ences 2 to 4) and indicatea a Reynolds nuriber effect. AS an indica- 
tion of the 8ffeot of Reynolds number, figur8 10 presents peak 
adiabatic tprmperature-rice effioienoy and peak pressure ratio ae 
fWK+tiOnS Of th8 Reynolde nUmb8r index, based upon the axltual air 
flow and the inlet-air temperature. The results are shown for all 
inlet conditions investigated at speeds of 80, 89, and 100 percent 
of design speed. Frcu~ the rather meag8r data presented in figure 10 
and ooneidering the experimental accuracy, the efficiency appears 
to inoresse uniformly with increasing Reynolde number index and 
the variation of peak pressure ratio with Reynolds numb8r is eimi- 
lar to that for peak adiabatic tFmn>erature-riee effici8ncg. The 
range of R.eynolde number covered in varying the inlet-air preseure 
from 6 to 21 inches of mercury absolute wae approximately 138ven 
times as $reat ae the rang 8 oovered in varying the inlet-air tem- 
perature from 538O to 419 R. As fe+r + the Reynolds ntmiber 8f'feo-t 
is oonc8rned the effect of inlet-air t@mperature ie ther8fore emall 
and the greatest effect of a change in altitude will be due to the 
change in pressure. 

Interstage Measurements 

The interstage stat10 preesures measured at the compr8ssor 
casing are pr8eent8d in figure 11 ae the ratio of the StRtiC pree- 
sure at each Station to the total preeeure as measured in the 
d8pr8SSiOn tank. Th8 results ar8 presented for the design speed 
rune at inlet-air pr8esuree of 6 and 12 inches of mercury absolute 
and smbient inlet-air temperature of 538O R for the complete flow 
range. For both inlet-air preeeuree, the data show that a choking 
condition existed in the -first row of outlet-guide vazlee in the 
region of maximum flow, This phenasnenon is indicated by the con- 
tinual deoreaee in downstream pressure without a corresponding 
deoreaee in upetr8Sm preeeure. The maximum flow obtained wae 
approximately 89 percent of the total flow required to gzlve sonic 
V8lOCity at the Outlet of the inlet-g'uide'van88 and the inlet- 
guide vanes were approaching a ohoked condition. !f'he static- 
Rressure drop incurred in the inlet-guide vane8 IS r8oOV8red in 
the first two stages of oompr8eeion. The 8xi8tence of Separation 
in the second row of Outlet-guide vanes is indioated by the drop 

. 

* 

. 
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in pressure through this row of blades at the peak ediabatic 
temperature-rise effioiency and aurge points. Also, the tenth 
rotor row.appears to be approaching a turbining aondition in the 
high flow region, similar to the condition found in reference 1. 
, The.effeot of speed on interstage Static preseuresispr8- 

sented in figure 12 for the points of maximum weight flow, peak 
adiabatic temperature-rise eFficiency, and surge for inlet oondi- 
tions Crp 12 inches of mercury absolute and &blent inlet-air tem- 
perature, AS would be expected, becauee of the reduo8d weight flow, 
the drop in pressure through the inlet-guide vanes is reduced ae 
the speed is reduced. EVid8nC8 of stalling conditions' in i&s 
se&ond row of outlet-guide vane8 can again be noted for the peak 
adiabatic temperature-rice efficiency and surg8 points at deei@ 
Speed. In addition, a similar stalling condition occura at the 
surge point at 89 p8m8nt of design Speed. It also appears that 
the first stator row is stalling at 80 percent of design speed at 
all flow conditions presented. I 

An inV8StigRtiOn of the p8rfOrmano8 of th8 lo-Stag8 
X24C-2 axial-flow hmpressor at various inlet-air preseurss and 
temperatures produced the following results: 

1. With a decreetee in inlet-air presstrre at constant inlet- 
air temperature, a corresponding deoresee in peak values of adia- 
batic temperature-rise efficiency end pressure ratio was obtained. 
The variation in inlet-air pressur8, however, had little 8ffSCt 
(a maximum of about 1 percent) on the equivalent weight flow Rt 
any psrticular speed inv8stigated. 

2. Although the tot&l vs3TiatiOn of peak adiabatic tEq8rature- 
rise efficiency at each speed for all three inlet-air temperaturee 
wae within the preoision of the experiment for the low inlet-air 
prdssure of 6 inch88 of mercury absolute, the trend of the curv8e 
at each speed investigat8d demonstrated that the peak adiabatic 
t8mperature-rise efficiency varied with a change in the inlet-air 
temperature. The effect of inlet-air temperature on equivalent 
W8i&t flow and peak pressure ratio was small. 

3. All data obtained at various inlet-&ir pr8ssur8s and inlet- 
air t8mperatures correlated within 2 percent on two curves when 
the polytropic 8fficiencg was plotted ae a function of the poly- 
tropic lose factor. The only 8ffTt of inlet-air preseure was to 

_. 
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Increase the minimum loss factor and to decrease the'maximum poljr- 
tropic 8fficienoy a.s.the inlet-air pressure was reduced;. The effect 
of inlet-air temperature was negligible. 

. 
4. Peak adiabatic temperature-rise effiolencyr and pressure 

ratio increased with increasing Reynolds number. Because the range 
of Reynolds number oovered in varying the inlet-air pressure fram 
6 to 21 inohes of mercury absolute.w8s approximately seven times as 
great as the range oovered i.n varying the inlet-air temperature from 
538' to 419' R, the greatest effect of a ahange in altitude will be 
due to the ohange in pressure. 

5. The result8 of the interstage static-preesure measurements 
indiuated a stalled condition in the second row of outlet-guide 
vanes in the region of peak adiabatic tqerature-rise efficiency 
at design speed and ti the first stator row of blades at SC percent 
of-design speed. The first row of outlet-guide vane8 uere shown to 
be choking in the region of maximum flow. 
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TABLE I - ARFDWNCE OF X24C-2 IO-STAGE AXIAL-FLOY COuPRESSM 
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TABLE I - CONTINUED. PERFORMANCE OF X24C-2 IO-STAGE AXIAL-FLOW COMPRESSOR 

fb) Inlet pressure, 6 inches mercury absolute (424 lblsq ft); inlet-air temperature, 538O R. ’ 
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TAflLE I - COHCLUDED. PERFOWKE OF-X24C-2 IO-STAGE AXIAL-FLCU coYPRESSO9 
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Figure I, - Setup for investigating performance of X24C-2 axial-flow compressor. 
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Figure 2. - Performance of X24G2 ax&al-flow compressor at various inlet pressures. 
inlet-air temperature, 5380 R. 
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Figure 2. - Concluded. Performance of X24C-2 axial-flow compressor at various Inlet pressures. No 
di ffuser; I nl et-al r temperature, 5380 R. 
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Figure 3. - Performance of %24C-2 axial-flwu compressor at varlous inlet-air temperatures. NO dlf- # 
fuser; inlet pressure, 6 inches mercury absolute I424 Ib/sq ftl. 
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Continued. Performance of X24C-2 axial-flow compressor at various inlet-air temperatures. 

No diffuser; Inlet pressure, 6 Inches mercury absolute 1424 lblsq ftl. 
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Figure 6. - Variation of pofytropic effiiiency with polytropic loss 
factor at several in&let pressures and design speeds. No diffuser; 
in let-al r temperature, 538’ R. 
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Figure 9. - Variation of polytropic efficiency with poiytropic loss 
factor at several inlet-air temperatures. No diffuser; 
6 inches mercury absolute (424 lb/sq ftJ. 
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Figure I I. - Effect of weight flow on distribution of interstage static 
pressure along compressor casing for design speed. No diffuser; in- 
let-air temperature, 538’ R; at compressor entrance, CE; inlet-guide 
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gure 12. - Effect of various percentages of design speed on distribu- 
tion of interstage static pressures atong compressor casing. No dif- 
fuser; inlet-air temperature, 538’ R; inlet pressure, I2 inches of 
mercury absolute (849 Ib/sq ft); at compressor entrance, CE; inlet- 
guide vane inlet, 1.G.V.i; inlet-guide vane outlet, I.G.V.,; rotor 

b I ades, R; stator blades, S; between two rows of out let-guide vanes, 
O.G.V.,. 



L 

. 

t 

t 


